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In Brief
This study reports a cell type called
unipolar brush cell, which is either excited
or inhibited by glutamate, based on the
kind of receptors it expresses. Such a
push-pull mechanism may be important
in processing signals in sensory systems.
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Unipolar brush cells (UBCs) of the dorsal cochlear
nucleus (DCN) and vestibular cerebellar cortex
receive glutamatergic mossy fiber input on an elabo-
rate brush-like dendrite. Two subtypes of UBC have
been established based on immunohistochemical
markers and physiological profiles, but the relation
of these subtypes to the response to mossy fiber
input is not clear. We examined the synaptic physi-
ology of auditory UBCs in mouse brain slices, identi-
fying two response profiles, and correlated each with
a specific UBC subtype. One subtype had a striking
biphasic excitatory response mediated by AMPAR
and mGluR1a. The second was mGluR1a negative
and was dominated by a strongly inhibitory out-
ward K+ current. These two subtypes upregulated
or downregulated spontaneous firing, respectively.
By analogy to the retina, we propose that UBCs
comprise ON and OFF cells with respect to their
response to glutamatergic input and may therefore
provide distinct parallel processing of multisensory
input to their targets.
INTRODUCTION
Unipolar brush cells (UBCs) are excitatory interneuronspresent in
cerebellum-like structures. In mammals, they are found in cere-
bellum and the dorsal cochlear nucleus (DCN) (Floris et al.,
1994; Mugnaini et al., 1997; Bell et al., 2008; Roberts and Port-
fors, 2008). The DCN is the earliest stage of the auditory pathway
in which multisensory input is integrated with auditory input (Fig-
ures 1A and 1B). This multisensory input modifies auditory re-
sponses in the DCN and thus may be important for processing
of acoustic signals (Shore et al., 1991; Young et al., 1995; Shore
andMoore, 1998; Shore, 2005; Koehler et al., 2010; Kanold et al.,
2011). Auditory UBCs receive direct one-to-one multisensory
input viamossy fibers and relay that input to granule cells for inte-
gration with auditory nerve input by the principal output neurons
(Figure 1B) (Din˜o et al., 2000;Nunzi et al., 2001,Oertel andYoung,
2004; Mugnaini et al., 2011). Intermediary cell types in excitatory
feedforward pathways necessarily delay transmission but offer
opportunity for significant transformation of input signals.Early studies of synaptic properties of cerebellar UBCs re-
vealed a slow-decaying biphasic excitatory postsynaptic current
(EPSC) that triggered a long train of postsynaptic action poten-
tials (APs) (Rossi et al., 1995, Kinney et al., 1997). Thus, UBCs
seemed to amplify and prolong multisensory signals frommossy
fibers to their target granule cells. However, later immuno-
histochemical studies revealed two distinct UBC populations:
calretinin+ UBCs and mGluR1a+ UBCs (Nunzi et al., 2002; Din˜o
and Mugnaini, 2008; Sekerkova´ et al., 2014). A recent study
characterized intrinsic (nonsynaptic) electrophysiological prop-
erties of these subtypes in cerebellum (Kim et al., 2012). Those
findings and others (Knoflach and Kemp, 1998; Diana et al.,
2007; Russo et al., 2007; Russo et al., 2008; Rousseau et al.,
2012) are consistent with a model in which two UBC subpopu-
lations exist, each with different functions. These observations
therefore raise the question of whethermossy fiber input is differ-
entially transformed by the two UBC subtypes.
In this study, we investigated glutamate sensitivity and synap-
tic transmission from mossy fibers to UBCs in the DCN. We
found that the two UBC subtypes, like retinal bipolar cells, may
function as ON and OFF cells with respect to their response to
glutamatergic input, due to dual actions of glutamate and
differential expression levels of glutamate receptor types in the
two subtypes. mGluR1a-positive UBCs had an excitatory (ON)
response to glutamate, due to high expression of AMPARs and
mGluR1a, and small G protein-coupled inwardly rectifying K+
(GIRK) currents elicited by mGluR2 activation. mGluR1a-nega-
tive UBCs had an inhibitory (OFF) response to glutamate result-
ing from small AMPAR-mediated currents and large outward K+
currents activated by mGluR2. These UBC subtypes provide
distinct parallel processing of multisensory input to their target
granule cells.
RESULTS
Identification of DCN UBCs
Recordings were made from DCN slices taken from either wild-
type or from transgenic mice with selective expression of GFP
driven by the promoter of the receptor mGluR2 (Watanabe
et al., 1998; Jaarsma et al., 1998). GFP in this mouse line co-
localizes with mGluR2 and clearly labeled UBCs in the deep
layer of the DCN (Figure 1C). They are easily identifiable by their
unique morphology with a single short dendritic stalk and
fine dendritic mesh (Mugnaini and Floris, 1994) (Figures 1D
and S1). With practice, candidate UBCs could also be reliablyNeuron 85, 1029–1042, March 4, 2015 ª2015 Elsevier Inc. 1029
B
FC
GrC
UBC
DCN
L1
L2
L3
ANMF
IC
AN
PF
iMF
eMF eMF
L1
L2
L3
A
B
C
D
G
FP
m
G
lu
R
2
O
ve
rla
y
GFP mGluR2 Overlay
L1
L2
L3
  
Figure 1. UBC Localization in the DCN
(A) Location of the DCN (yellow) in the brainstem (top) and the three compo-
nents of DCN (bottom) comprising themolecular superficial layer (L1), principal
cell body cell layer (L2), and deep layer (L3), the latter receiving multisensory
input via mossy fibers (MF) and auditory input from the auditory nerve (AN).
(B) The cerebellum-like organization of the DCN: AN fibers project to L3 and
contact the basal dendrites of fusiform cells (FC), the output neurons of the
DCN, located in L2 and projecting to the inferior colliculus (IC). Extrinsic glu-
tamatergic mossy fibers (eMF) relaying multisensory input, terminate in L3, in
large presynaptic terminals. eMF contact granule cells (GrC) and unipolar
brush cells (UBC). UBCs contact GrCs via large glutamatergic intrinsic mossy
fibers (iMF). GrC axons project to the molecular layer as parallel fibers (PF) and
contact the apical dendrites of FC, as well as other L1 interneurons. Black
circles indicate excitatory contacts.
(C) Confocal immunofluorescence images of a coronal section of DCN in a
mouse expressing GFP under control of the mGluR2 promoter. Top panel
shows GFP labeling with Alexa 488 secondary antibody, middle panel shows
mGluR2 labeling with Cy3 secondary antibody, and bottom panel shows
overlay of the two channels. UBCs are labeled in the L3. Scale bar: 150 mm.
(D) High magnification of the image in (C) shows GFP and mGluR2 co-locali-
zation of a labeled UBC. Scale bar: 10 mm. White arrow indicates the dendritic
brush.identified in wild-type tissue. In addition, for every recording, in-
ternal solution contained Alexa Fluor 488, allowing visualization
of the distinct UBC morphology during whole-cell recording. In
some experiments the internal also contained biocytin for post
hoc identification described below.
UBC Populations Defined by Response to Synaptic Input
Early studies of UBCs in cerebellum reported biphasic EPSCs
mediated primarily by AMPA receptors (Rossi et al., 1995, Kin-
ney et al., 1997) and proposed that a complex synaptic organiza-
tion led to entrapment of glutamate and slowing of the EPSC.
The combined effects of lingering transmitter and the kinetic fea-1030 Neuron 85, 1029–1042, March 4, 2015 ª2015 Elsevier Inc.tures of AMPARs may generate this biphasic inward current,
ultimately prolonging the firing of UBCs (Kinney et al., 1997).
In order to further investigate mechanisms of synaptic transmis-
sion properties of the mossy fiber-UBC synapse in the DCN,
wemadewhole-cell voltage and current-clamp recordings, while
delivering electrical stimuli to mossy fiber inputs (Figure 2). This
approach readily revealed distinct UBC populations.
One UBC subtype displayed an inward biphasic EPSC, similar
to responses described in cerebellar UBCs (Rossi et al., 1995).
This response was composed of a rapid inward current (mean
peak amplitude62.6 ± 13.8 pA; decay tau 3.6± 0.8ms) followed
byasecondphasedecayingwithamuch longer timeconstant (tau
260.7± 46.8ms;meanchargeof fast and slowEPSCcomponents
combined 3.5 ± 1.1 pC; n = 9). A single shock was sufficient to
elicit fast and slow EPSCs, but after a stimulus train of 103 or
203 at 100 Hz, the second component grew in size and duration
(tau 898.8 ± 99.0 ms; mean charge 11.7 ± 2.0 pC; n = 9) (Fig-
ure 2A, left panel), as described in cerebellum (Rossi et al.,
1995; Kinney et al., 1997). As in cerebellum (Russo et al., 2007),
DCN UBCs fire spontaneous APs. The slow EPSC component
sharply increased the ongoing firing rate (Figure 2A, right panel).
Other UBCs displayed a very different response profile upon
presynaptic fiber stimulation. After a stimulus train, these cells
showed an initial small and brief inward component, immediately
followed by a pronounced outward current with a prolonged
decay (tau 645.4 ± 183.1 ms; mean charge +4.1 ± 1.6 pC;
mean peak amplitude +5.1 ± 1.3 pA; n = 8) (Figure 2B). This
slow outward component, obtained in the presence of GABAA
and glycine receptor antagonists, was a genuine inhibitory post-
synaptic current (IPSC) as it led to a prolonged pause in sponta-
neous firing of the UBC (1.1 ± 0.2 s; n = 4), similar in time course
to the duration of the current (Figure 2B, right panel).
The contrasting responses to presumptive glutamatergic input
in UBC subtypes is reminiscent of the opposing retinal bipolar
cell responses to glutamate. The first subtype, with an inward,
excitatory response, will therefore be referred to as ON UBC,
and the second subtype, with an outward current that inhibits
spontaneous firing, will be referred to as OFF UBCs (Rousseau
et al., 2012).
In order to confirm the postsynaptic nature of the different
UBC responses, we used brief (7–10 ms) puff application of
glutamate (1 mM) (Figures 2C and 2D). The current profiles
observedwith glutamate puff were strikingly similar to the synap-
tic responses in current and voltage clamp. Additionally, in OFF
UBCs, the pause in intrinsic firing was followed by a rebound
increase in firing that could be interpreted as delayed excitation
in this subtype. Investigation of whether this rebound increase in
firing is directly mediated by glutamate currents is described in
Figure 8.
To highlight the similarity of synaptic and puff responses, we
plotted the amplitudes of the two responses obtained for a
data set in which synaptic and puff stimuli were applied to the
same neurons (Figures 2E–2H). In each case, the polarity of
the puff responses predicted accurately the polarity of the
slow synaptic response. In subsequent experiments analyzing
receptor subtypes, puff application of glutamate was always
applied prior to any treatment, to identify the ON/OFF phenotype
of UBCs.
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Figure 2. ON and OFF Responses of UBCs
(A and B) Postsynaptic responses to electric stimulation of presynaptic mossy fibers.
(C and D) Responses to 1mMglutamate puff application (7ms, 5 psi). In each panel, left traces are in voltage-clamp and right are in current clamp (no bias current)
from the same cells.
(A and C) Example recordings show an inward biphasic EPSC (fast peak, followed by a sag in the current and a second slow decaying component), which led to
prolonged increase in firing.
(B and D) Example recordings show biphasic EPSC with a small, short inward current followed by a large, slow-decaying outward component; the latter pauses
intrinsic firing. Black arrowheads indicate onset of stimulation in (A) and (B) and downward black arrows indicate onset of puff application in (C) and (D).
(E) Puff responses correlate with synaptically evoked signals. Diagram of the recording configuration: within the same cell, both glutamate puff and subsequent
electrical stimulus of presynaptic fibers were performed to confirm the current profiles in ON and OFF UBCs.
(F and G) Puff responses are in black; electrical stimulation are in gray. Overlay of traces from an ON UBC in (F) and from an OFF UBC in (G). The white arrows
indicate the onset of puff and electrical stimulus.
(H) Scatter plot comparing the amplitudes of postsynaptic currents in response to synaptic stimulation and amplitude of currents elicited in response to glutamate
in both ON and OFF cells acquired in the experiments as the ones shown in (F) and (G). n = 8, r2 = 0.48, p = 0.057.Characterization of Mossy Fiber Input to ON and
OFF UBCs
Previous studies in cerebellum only reported the ON synaptic
response. Thus, to reveal specific features of both ON and
OFF UBC responses, we varied the parameters of mossy fiber
stimulation while recording from each cell type.
First, the frequency of synaptic stimulation was varied from
10 Hz to 100 Hz (Figures 3A–3D). For ON UBCs (Figure 3A),
although there was a slight apparent increase in mean amplitude
(Figure 3C) and charge of the slow EPSC (Figure 3D), the means
at 10 Hz versus 100 Hz were not significantly different (black
symbols in Figures 3C and 3D; amplitude p = 0.52 and charge
p = 0.24; n = 7). For OFF UBCs (Figure 3B), although there was
a significant difference in the amplitude of the slow IPSC be-
tween 10 and 100 Hz (n = 6; p = 0.0085), there was no significant
difference in their charge (p = 0.07), and the overall change in
amplitude or charge with frequency was shallow (Figures 3C
and 3D, blue symbols).
Next, at a fixed frequency of 100 Hz, we applied 1, 3, 5, 10, 20,
or 50 stimuli (Figures 3E–3G). For both ON and OFF UBCs, the
number of stimuli had a significant impact on synaptic charge.In particular, for OFF UBCs, responses were undetectable with
1 or 3 stimuli (Figures 3F and 3G). However, mean charge
increased 5.1-fold, going from 3 stimuli (charge 3.9 ± 1.8 pC;
n = 5) to 10 stimuli (charge 20.0 ± 8.2 pC; n = 5) and an additional
2.1-fold increase in the charge from 10 to 50 stimuli (charge
53.3 ± 18.1 pC; n = 5) (Figure 3G). Similarly, for ON UBCs
there was a 2.2-fold increase in the charge from 3 stimuli
(charge 10.0 ± 4.3 pC; n = 7) to 10 stimuli (charge 22.2 ±
12.4 pC; n = 7) and an additional 3.4-fold increase in charge
from 10 to 50 stimuli (charge 52.1 ± 19.4 pC; n = 7).
Interpretationof these results dependsuponwhether they arise
from the activity of single or convergent inputs. Previous studies
showed that UBCs receive only one mossy fiber input (Din˜o
et al., 2000; Nunzi et al., 2001), but this has not been confirmed
physiologically, and it is possible that someof the responsearises
from spillover from neighboring cells. To explore this further, we
used minimal stimulation, finding that ON cells show clear all-
or-none responses for both the fast and slowEPSCs (FigureS2A).
We focused on analyzing the charge of the slow ON cell and OFF
responses after a train of stimuli (10 shocks, 100 Hz) in order to
increase the slow PSC response. For both subtypes, stimulusNeuron 85, 1029–1042, March 4, 2015 ª2015 Elsevier Inc. 1031
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Figure 3. Characteristics of Responses of ON and OFF UBCs to Mossy Fiber Input
(A and B) Examples of postsynaptic responses to synaptic stimulation of ON (n = 7) and OFF (n = 6) UBCs, respectively. A train with ten stimuli was applied at
100 Hz, 50 Hz, 20 Hz, and 10 Hz. Black arrowhead indicates the onset of the stimulus.
(legend continued on next page)
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voltages were observed in which either there was or was not a
slow current. While both cell types reached a maximum with in-
crease in stimulus strength, OFF cells showed a somewhat
more gradual increase in the response, while ON cells reach
maximum response quickly, with a clearer all-or-none slow re-
sponses (Figures S2B and S2D). We conclude that ON slow cur-
rents are largely derived from a single input. If both subtypes
indeed carry only a single mossy input, OFF cells may respond
to increasing glutamate spillover; alternatively, increasing voltage
may simply raise the number of successful trials during the train
and lead to a graded amplitude, since response amplitudes are
sensitive to stimulus number (Figure 3F).
We also measured synaptic responses to ‘‘naturalistic’’ Pois-
son stimulation trains. Five-second stimulus trains were con-
structed having 10-Hz and 50-Hzmean frequencies and Poisson
distribution of inter-stimulus intervals. For ON cells, fast EPSCs
were apparent at 10 Hz and depressed at 50 Hz (Figure 3H);
this depression was not studied further here. Strikingly, slow
EPSCs (Figure 3H) or IPSCs (Figure 3I) summated to generate
relatively smooth plateau currents, regardless of the 5-fold differ-
ence in frequency and the random intervals between individual
shocks. To explore this further, we analyzed synaptic charge
transfer over the 5 s period of stimulation (Q1 line in Figure 3I)
and for an additional 4 s thereafter (9 s total, Q2 line) and con-
trasted the total charge in these two periods. These data showed
that the synaptic currents exceeded the last stimulus by sec-
onds, particularly at 50Hz stimulation. The histogram in Figure 3J
illustrates the ratio of currents at the two time points showing that
significant charge is always delivered beyond the stimulus
period regardless of stimulus rate or cell subtype. Mean charge
was at Q2 was not different at the two frequencies for ON cells
(Figure 3K; charge 75.8 ± 28.8 pC; n = 7 and 144.1 ± 55.3
pC, n = 6, respectively), but it was greater at 50 Hz for OFF cells
(charge 30.1 ± 9.5 pC for 10 Hz, n = 6; and 137.8 ± 34.2 pC, for
50 Hz, n = 5, p = 0.0092).
We conclude that mossy fiber activity is translated to pro-
longed, steady postsynaptic ON and OFF currents that increase
with stimulus number, are relatively insensitive to the pattern of
stimuli, but markedly outlast the period of stimulation. UBCs
therefore appear well suited to encode the appearance of mossy
fiber spiking with steady increases or decreases in postsynaptic
spiking, dependent upon UBC cell type.
ON UBCs Are mGluR1a Positive
To classify ON and OFF UBCs using previous histochemical
criteria (Din˜o et al., 1999; Nunzi et al., 2002; Sekerkova´ et al.,(C and D) Graphic representation of the change in amplitude and charge of both
(E and F) Example of postsynaptic responses to changing synaptic stimulation nu
applied with 1 (red), 3 (green), 5 (light blue), 10 (dark blue), 20 (gray), and 50 (bla
(G) Graphic representation of the change in charge of the postsynaptic response w
OFF (blue) UBCs. Black arrowheads indicated the onset of the stimulus.
(H and I) Example of postsynaptic responses to Poisson stimulation trains at 10 H
black bar and lasted 5 s.
(J) Comparison of the ratio of the first charge measurement (Q1) taken at the time
after the last stimulus. Data for ON (black) and OFF (blue) cells at 10 Hz (darker
(K) Mean charge elicited at Q2 with Poisson stimulation for OFF (blue) and ON (bla
50 Hz, OFFUBC n = 5 andONUBC n=6. Error bars indicate ± SEM, and significanc
p% 0.01.2014), we correlated the ON/OFF subtype with the presence or
absence of an mGluR1a-activated current (Schwartz et al.,
2012). After identifying the response of each cell by glutamate
application, the puff pipette was switched to 200 mM (S)-
3,5-DHPG, a selective group I mGluR agonist (Figure 4A). A
10–35 ms puff (depending on brush location and pipette place-
ment) elicited a slow inward current in 13/13 ON UBCs (mean
peak amplitude 8.2 ± 1.2 pA; half-width 3.5 ± 0.42 s; 10%–
90% rise time 1.34 ± 0.25 s). This current elicited AP firing in cells
held just below threshold with bias current and increased firing
frequency in cells firing spontaneously (Figure 4B). The current
elicited by (S)-3,5-DHPG was completely blocked by the selec-
tive mGluR1a antagonist LY367385 (Figure 4B). In contrast, in
7 of 7 OFF cells, (S)-3,5-DHPG did not elicit a current or change
in AP firing frequency (Figure 4C), even with puff durations up to
100 ms long. The peak current elicited in ON cells was signifi-
cantly greater than baseline (>2 SD of noise), while in OFF
UBCs the puff generated no deviation from baseline. This result
confirms that ON UBCs are likely identical to the previously
defined mGluR1a+ UBC subtype and, since OFF UBCs had no
mGluR1a mediated current, they are likely calretinin+ UBCs. In
the cerebellum, mGluR1a+ and mGluR1a UBCs composed
70% and 30% of the UBC population, respectively (Din˜o and
Mugnaini, 2008; Kim et al., 2012). In the DCN, based on their
response to glutamate puff or synaptic stimulation, we found a
division of 61% mGluR1a+ (n = 128 cells) and 39% mGluR1a
(n = 82 cells).
Despite the presence of mGluR1a-mediated currents in ON
cells, the mGluR1a antagonist LY367385 had no effect on the
charge of current elicited by a single stimulus, while NBQX fully
blocked the response (99.3%blocked; p < 0.0001, n = 5) (Figures
4D and 4G). However, after a train of 20 stimuli, LY367385
blocked 32.5% of the charge (p = 0.0016, n = 5), while NBQX
blocked the remainder of the response (97.0% blocked, p <
0.0001) (Figures 4E and 4G). Thus, although AMPARs mediate
the majority of the current in the slow EPSC component,
mGluR1as are synaptically activated, presumably by spillover
of transmitter after 20 high-frequency stimuli.
LY367385 also blocked 64.7%of the charge (p < 0.0001, n = 7)
following glutamate puffs. This is roughly twice the proportion of
charge blocked by LY367385 after a train of synaptic stimuli
(p = 0.0029). This difference between response to synaptic and
exogenous glutamate suggests that many mGluR1a are located
far from the sites of synaptic contact. As expected, NBQX
blocked the remainder of the puff-elicited response (97.8%
blocked, p < 0.0001, n = 7).ON (black) and OFF (blue) UBCs with the change of frequency.
mber for ON (n = 7) and OFF (n = 5) UBCs, respectively. A train at 100 Hz was
ck).
ith the increase in number of stimuli, as shown in (E) and (F) for ON (black) and
z and 50 Hz for ON and OFF UBCs. The stimulus duration is indicated by the
point of the last stimulus and the second charge measurement (Q2) taken 4 s
colors) and 50 Hz (lighter colors) Poisson stimulation.
ck) UBCs, respectively. For 10 Hz, OFF UBC n = 6 and ON UBC n = 7, while for
e level symbols are as follows: non-significant (ns), p > 0.05; *, p% 0.05; and **,
Neuron 85, 1029–1042, March 4, 2015 ª2015 Elsevier Inc. 1033
1. Glu Puff
2. DHPG Puff
A
B
C
ON UBC
OFF UBC
150 μM LY367385 
D
E
10 pA
25 ms
10 pA
100 ms
150 μM LY367385 
150 μM LY367385 
150 μM LY367385 and 5 μM NBQX 
F
1 s
-60 mV
10
 m
V
10
 m
V
-60 mV
1 s
10 pA
1s
10 pA
1s
200 μM 
S-DHPG
200 μM 
S-DHPG
10 pA
1s
20x 100 Hz
G
10 pA
1 s
150 μM LY367385 and 5 μM NBQX 
150 μM LY367385 
1mM Glutamate puff
LY
36
73
85
 
1x Stim Train Stim Glu Puff
N
or
m
al
iz
ed
 C
ha
rg
e 1.0
0.8
0.6
0.4
0.2
0.0
LY
36
73
85
 
LY
36
73
85
 
+ 
NB
QX
 
+ 
NB
QX
 
+ 
NB
QX
 
+ 
GY
KI
53
65
55
 
****
****
***
**
ns
150 μM LY367385 and 5 μM NBQX 
1x





eMF
Rec
UBC
iMF


Control
Control
Control
Figure 4. ON UBCs Are mGluR1a+
(A) Diagram of the recording configuration: whole-
cell recording from an UBC. (1) Puff application of
glutamate was done to identify the UBC subtype;
(2) subsequently, a puff pipette was exchanged for
a pipette containing 200 mM (S)-DHPG.
(B) ON UBC recordings. Top panel: voltage-clamp
recordings and an inward current elicited in
response to (S)-DHPG puff (black trace). This
current is completely blocked by 150 mM
LY367385 (gray trace). Bottom panel: the pro-
nounced increase in intrinsic firing in response to
the (S)-DHPG current.
(C) OFF UBC recordings. Top panel: complete
absence of currents elicited by (S)-DHPG puff,
suggesting this subtype is mGluR1a negative.
Bottom panel: no change in intrinsic firing in
response to the puff application of the agonist.
Black arrows in (B) and (C) indicate puff onset. Puff
duration was of 10 to 35 ms depending on the
location of the pipette.
(D) ON UBC response to a single synaptic stimulus
(arrowhead) in control (black), in the presence of
the mGluR1a antagonist LY367385 (dark gray) and
in the presence of LY367385 plus 5 mMNBQX (light
gray). LY367385 had no effect on the fast EPSC
peak amplitude (inset), and it did not affect the
decay time.
(E) ON UBC response to 20 stimuli at 100 Hz
(arrowhead shows onset of the stimulus) in control
(black), in LY367385 (dark gray), and in LY367385
plus 5 mM NBQX (light gray). LY367385 had a mild
affect in amplitude and the decay time of the slow
EPSC.
(F) ON UBC response to 7-ms puff application of
1 mM glutamate (black arrow shows onset of the
puff) in control (black), in LY367385 (dark gray),
and in LY367385 plus 5 mM NBQX (light gray).
LY367385 had a clear affect in amplitude and the
decay time of the slow EPSC.
(G) Histogram of the charge difference between
control, LY367385-, NBQX-, and GYKI53655-
blocked currents; in ON UBC currents elicited by
electrical stimulation; by single pulse as in (D) or
train as in (E); and by glutamate puff, as in (F). Responses were normalized to control of each cell control recording. Error bars show ± SEM, and significance level
symbols are as follows: ns, non-significant or (p > 0.05); *, p% 0.05); **, p% 0.01; ***, p% 0.001; and ****, p% 0.0001).Both fast and slow phases of the inward synaptic current of
ON cells were entirely blocked by the AMPA/kainate receptor
antagonist NBQX, in combination with LY367385 (Figures 4D–
4G). Moreover, the AMPAR selective antagonist GYKI-53655
(20 mM) blocked all glutamate responses in the presence of
LY367385 (98.2% blocked, p < 0.0001, n = 3). Thus, we find
that both mGluR1a and AMPAR contribute to the excitatory syn-
aptic response of ON UBCs to mossy fiber input, but to different
extents depending on the frequency of presynaptic activity.
Since mGluR1a is a selective activator of ON UBCs, we inves-
tigated the effect of ON UBCs on DCN granule cells. We used
long DHPG puffs to activate a higher number of UBCs in the
deep layer of the DCN and recorded ESPCs from granule cells,
which are mGluR1 negative and therefore cannot be directly
activated by DHPG (Figures S3A and S3B). With a DHPG puff,
we expected to see an increase in the number of spontaneous
EPSCs in those granule cells connected to an ON UBC. Since1034 Neuron 85, 1029–1042, March 4, 2015 ª2015 Elsevier Inc.this is a feed-forward excitatory connection, the DHPG effect
would thereby be blocked by the glutamate receptors AMPAR/
NMDAR antagonists NBQX and (R)-CPP, respectively. This pre-
diction was verified in 3 of 26 patched granule cells, as shown in
Figure S3C, suggesting that ONUBCs relay prolonged excitation
to granule cells with a 0.12 connection probability. This value
could be an underestimate, since UBC axons are often severed
during brain slicing. Nevertheless, the data suggest that ON
UBCs project to and strongly activate a select group of granule
cells, consistent with results in cerebellum (Schwartz et al.,
2012).
ON and OFF UBCs of Cerebellum
All previous studies of UBC physiology have been done in cere-
bellum. However, the initial studies of mossy fiber-UBC synaptic
transmission (Rossi et al., 1995; Kinney et al., 1997; Billups et al.,
2002) were done prior to subtype characterization, and only the
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Figure 5. Cerebellar UBCs Also Show either ON or OFF Subtypes
Left panels show voltage-clamp recordings and right panels show current-
clamp recordings. Arrowheads show onset of puff application.
(A) Responses of a cerebellar ON UBC.
(Ai) Biphasic inward response to 1 mM glutamate puff application (7 ms at
5 psi) and the corresponding increase in intrinsic firing frequency.
(Aii) Example of a cell with inward current elicited in response to (S)-DHPG puff
application and the corresponding increase in firing frequency.
(B) Responses of a cerebellar OFF UBC.
(Bi) Example of a cell with pronounced outward current in response to 1 mM
glutamate puff application and the corresponding pause in firing.
(Bii) Absence of any current elicited by (S)-DHPG and no change in intrinsic
firing frequency after the puff.
(C) Histogram showing the distribution of peak amplitudes of puff responses
for 182 UBCs from both cerebellum and DCN.ON UBC was described. Since then, one other study of cere-
bellar UBCs investigated synaptic kinetics, again only describing
ON UBCs (van Dorp and De Zeeuw, 2014). We therefore sought
to determine whether the ON andOFF responses are a feature of
all UBCs, and not specific to UBCs in the DCN by examining
the glutamate sensitivity of UBCs in the cerebellum. In rodents,
UBCs are concentrated in the vestibular cerebellum (Din˜o
et al., 1999; Taka´cs et al., 1999), and therefore recordings
were made from UBCs in lobe X. As in DCN, the response toglutamate was correlated to the (S)-3,5-DHPG response for sub-
type identification. Cerebellar UBCs also showed distinct ON
and OFF responses (Figures 5Ai and 5Bi) with the same current
profiles and corresponding effects on intrinsic firing, as in DCN.
Only ON UBCs had inward currents elicited in response to puff
application of (S)-3,5-DHPG (mean amplitude 15.3 pA ±
2.9 pA; half-width 1.7 ± 0.27 s; 10%–90% rise time 1.2 ± 0.18
s; n = 8 ON UBCs). OFF UBCs did not respond to puffs of (S)-
3,5-DHPG (currents <2 SD of the baseline noise; n = 6; Figures
5Aii and 5Bii). Thus, in both the DCN and cerebellum, UBCs
comprise two populations, defined by their ON or OFF response
to glutamate.
The histogram in Figure 5C shows the distribution of peak cur-
rent responses to glutamate puffs for a population of DCN and
cerebellar UBCs (n = 182). The histogram has a clear bimodal
distribution; cells identified morphologically as UBCs by dye-fill
almost never failed to give a response to glutamate, and for
the majority, the slow responses were either inward or outward.
Averaging just the negative or positive responses gave mean
amplitudes of 22.2 ± 1.41 pA (n = 108) and +15.2 ± 1.55 pA
(n = 74), affirming that UBCs fall in two classes based on their
glutamate response.
mGluR2 Mediated Outward K+ Current in ON and
OFF UBCs
Cerebellar UBCs express mGluR2 in both calretinin+ and
mGluR1a+ subtypes (Nunzi et al., 2002, Russo et al., 2008).
Moreover, mGluR2 activate GIRK currents in UBCs (Knoflach
and Kemp, 1998; Russo et al., 2008). We hypothesized that
mGluR2 in OFF UBCs bind synaptically released glutamate,
leading to activation of GIRK channels and an IPSC. Indeed,
when the group II mGluR antagonist LY341495 was applied to
the bath, the IPSC was eliminated, revealing a small, slow-
decaying, and NBQX-sensitive inward current (tau 403.6 ±
137.8 ms, mean charge 1.2 ± 0.4 pC; mean charge in
NBQX 0.2 ± 0.07 pC; n = 6), a response apparently normally
occluded by the larger outward current (Figures 6A, 6C, and
6E). The effect of the mGluR2 IPSP, which blocks intrinsic firing
(Figure 2B), was completely prevented by themgluR2 antagonist
LY341495 (Figure 6B). These results confirm that an inhibitory
mGluR2 is synaptically activated in the OFF UBC subtype.
As with the mGluR1a synaptic responses in ON cells, an
obvious mGluR2 outward current in OFF cells was observed
only following train stimulation in control solutions. However,
subtraction of currents in the presence of LY341495 from control
currents revealed that mGluR2 could be activated even following
a single stimulus (Figure 6C). The presence of this current,
although small and variable from cell-to-cell (Figure 6E; mean
0.199 ± 125 pC, range 0.121 to +0.683 pC), indicates that
mGluR2 must be positioned close to synaptic sites in order to
sense transmitter after a single presynaptic AP, even though
spike trains generate a more physiologically significant mGluR2
response capable of inhibition (subtracted value for trains: 7.0 ±
1.9 pC; Figure 6E). In the presence of LY341495, a small inward
AMPAR current remained (1.8 ± 0.38 pC; Figures 6C and 6E),
just sufficient to obscure an outward mGluR2 response after sin-
gle stimuli. This AMPAR response is overwhelmed by the out-
ward current during a stimulus train.Neuron 85, 1029–1042, March 4, 2015 ª2015 Elsevier Inc. 1035
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Figure 6. Synaptic Activation of mGluR2 Receptors in OFF UBCs
(A) Voltage-clamp recording of an OFF UBC in response to 203 100 Hz stimuli
(arrowhead indicates onset of the stimulus) in control (black), in the presence of
LY341495 (dark gray), and in LY341495 plus NBQX (light gray). LY341495
completely blocked the IPSC and revealed an occluded inward current that
was blocked by NBQX.
1036 Neuron 85, 1029–1042, March 4, 2015 ª2015 Elsevier Inc.To test whether the IPSC was generated by GIRK channels,
voltage ramps were delivered before and during application of
the selective group II mGluR agonist LY354740. Subtraction of
the two ramp responses revealed the current-voltage relation
for the LY354740-sensitive current. This current-voltage relation
displayed prominent inward rectification and a reversal potential
of81.4 ± 1.8mV (n = 8), close to a calculated EK of90mV (Fig-
ure 6D). Thus, it is likely that the outward synaptic current in OFF
cells is generated by GIRK channels.
It seemed surprising that mGluR2 are expressed in both UBC
subtypes (based on mGluR2-GFP expression), yet are only syn-
aptically activated in OFF UBCs. In order to determine whether
or not ON UBCs have an mGluR2 gated current, the subtype
of UBC was first identified by puff application of glutamate, the
puff pipette was then exchanged for one containing LY354740,
and the new drug applied for 100 ms in current-clamp and in
voltage clamp. In both UBC subtypes, the selective agonist eli-
cited an outward current and a pause in intrinsic firing (Figures
6G and 6H). However, the response in ON UBCs had a mean
amplitude of only 6.14 ± 1.71 pA (n = 6; half-width 1.47 ± 0.95
s; 10%–90% rise time 457 ± 193 ms; 10%–90% decay time
4.03 ± 2.56 s), leading to a mean pause in firing of 6.9 ± 2.2 s
(n = 4), while OFF UBCs had a mean current amplitude of
14.56 ± 2.75 pA (n = 7, half-width 6.91 ± 1.7 s; 10%–90% rise
time 2.07 ± 0.61 s; 10%–90%decay time 15.03 ± 2.20 s), leading
to a mean pause in firing of 15.6 ± 2.4 s (n = 5). Thus, mGluR2-
activated outward currents are present in both subtypes but pro-
duce larger, longer-lasting responses in OFF UBCs.
As previously described in cerebellum, the mGluR2 is present
at both mGluR1a+ and calretinin+ UBC subtypes (Jaarsma et al.,
1998, Nunzi et al., 2002). We confirmed this result by performing(B) Response of the same cell to electrical stimuli with absence of the pause in
firing in the presence of LY341495.
(C) Top panel: OFF UBC response to a single synaptic stimulus; bottom panel:
OFF UBC response to a train of stimuli (arrowhead indicates onset of the
stimulus). Both panels show the current in control (black) and in the presence
of group II mGluR antagonist LY341495 (dark gray). The subtraction of the
response in the antagonist from control is show in light gray, making evident
the current blocked by the antagonist.
(D) I/V curve obtained with a current ramp from 30 mV to 140 mV, showing
inward rectification and a reversal potential of 81.4 ± 1.8 mV, close to
the calculated reversal potential of K+ under our recording conditions. Gray
shading shows ± SEM (n = 8).
(E) Histogram of the charge difference between control, plus LY341495 and
NBQX blocked currents in OFF UBC. Unsubtracted values show the overall
charge measurements after a train of stimuli, measured after the last stimulus
artifact. Subtracted values show the charge values of the subtraction of
LY341495 from control after a single stimulus or after a train, respectively,
without the stimulus artifact. The last bar shows the absolute NBQX blocked
current charge as the subtraction of the NBQX response from the response in
LY341495. Error bars show± SEMand significance symbols are as follows: ns,
non-significant, or p > 0.05; *, p% 0.05; and **, p% 0.01.
(F) Diagram of recording configuration for (G) and (H). Glutamate was applied
first for subtype identification and switched to LY354740.
(G and H) Responses of OFF and ON UBCs to the puff application of the group
II mGluR agonist LY354740 in both voltage clamp (top panels) and current
clamp (bottom panels). Both UBC subtypes showed an outward current in
response to a 100-ms puff and a pause in intrinsic firing. However, ON UBCs
showed smaller amplitude currents and significantly shorter pause in firing
under the same conditions.
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Figure 7. Correlation of Physiology and UBC Subtype with Immuno-
histochemistry
(A andB) For each (A) and (B), top left panels shows confocal image of anON or
OFFUBC, respectively, identified by puff application of glutamate shown in the
bottom left panel, patched with biocytin added to the pipette solution. Biocytin
was detected with streptavidin Alexa Fluor 488 Conjugated. Right panels show
confocal immunofluorescence images of the same UBC identified with gluta-
mate puff after triple labelingwith streptavidin-Alexa 488 (green),mGluR1awith
Cy3 secondary antibody (red), and calretinin with Alexa 647 secondary anti-
body (magenta). Scale bar: 10 mm. Solid white arrowhead indicates ON UBC
and open white arrowhead indicates OFF UBC. Black arrowhead indicates
onset of the application of glutamate for both ON and OFF UBCs.immunohistochemical labeling for GFP, mGluR1a, and calretinin
in the mGluR2-GFP mouse line, finding that both mGluR1a+ and
calretinin+ UBCs colocalize with GFP (Figure S4). The variation of
dendritic brush shape, size, and distance from the soma was
similar in both subtypes, as shown in Figure S4B and S4D. Ex-
amples of UBCs in Figures S4Bi–S4Biii and S4Di–S4Diii show
that UBCs appear similar, but are molecularly distinct, in line
with findings in cerebellar UBCs (Nunzi et al., 2002). It remains
to be determined whether the axonal projections of these sub-
types may differ.
Correlation of ON and OFF UBC Physiology with Known
UBC Subtypes
We next directly correlated the ON and OFF phenotype with im-
munohistochemically defined calretinin+ and mGluR1a+ UBCpopulations (Nunzi et al., 2002; Din˜o and Mugnaini, 2008; Seker-
kova´ et al., 2014). Each patched UBC was identified as ON or
OFF with a glutamate puff. The patch pipette solution contained
biocytin, enabling identification of the cell after fixation and pro-
cessing of tissue (Figures 7A and 7B, left panels). Each brain sec-
tion was labeled with streptavidin-conjugated Alexa Fluo 488 to
resolve biocytin and a primary antibody to mGluR1a with a Cy3
secondary antibody, as well as a primary antibody to calretinin
with Alexa 647 secondary antibody. ON UBCs colocalized with
mGluR1a but not with calretinin, while OFF UBCs colocalized
with calretinin but not with mGluR1a (Figure 7). In some cases,
OFF UBCs did not colocalize either marker (Figure S5B, top 2
cells). In these cases, the recording time lasted for over
10 min, and we suspect that calretinin was dialyzed by the patch
pipette solution; indeed, endogenous calcium buffers are known
to quickly (<5 min) dialyze out of cells during whole-cell record-
ings (Mu¨ller et al., 2005). When cells were recorded for only
3 min, we were apparently able to retain calretinin, finding
that OFF cells do express calretinin (Figures 7B and S5B) and
ON cells do not (Figures 7A and S5A).
Excitability of ON and OFF UBCs
Both UBC subtypes generated spontaneous APs but at slightly
different frequencies (OFF UBCs: 5.9 ± 0.6 Hz, n = 16; ON
UBCs: 4.1 ± 0.5 Hz, n = 15; difference p < 0.05) (Figures 8A
and 8B). Moreover, the input resistance of UBCs was quite
high, averaging 987 ± 47 MUs for ON UBCs (n = 18) and 895 ±
38 MUs for OFF UBCs (n = 16; p = 0.25, not significantly
different). Together, these intrinsic properties rendered UBCs
exquisitely sensitive to small synaptic and glutamate-evoked
currents. Indeed, changes in bias current of just a few pAs ex-
hibited clear effects on firing rate (Figure 8B).
After the OFF response, AP firing resumed but transiently at a
higher rate than baseline, particularly after glutamate puffs or
larger IPSPs (Figures 2B and 2D). This delayed excitation might
reflect either a secondary excitatory action of glutamate or an
intrinsic response to a transient hyperpolarization. Consistent
with the latter, cerebellar UBCsexpress ion channels appropriate
for rebound firing, such as T-type Ca2+ channels (Diana et al.,
2007; Birnstiel et al., 2009) and hyperpolarization-activated cur-
rents (Ih) (Russo et al., 2007; Kim et al., 2012; Locatelli et al.,
2013). To test the idea of intrinsically generated rebound firing,
a step-wise hyperpolarizing current ramp was used to mimic
the pause in firing in OFF UBCs and was applied to both ON
and OFF UBCs. Both UBC subtypes (n = 3 ON UBCs, n = 4
OFF UBCs) exhibited similar rebound firing, which was greater
and longer lasting for more negative current ramps (Figures 8Ci
and 8Cii). OFF UBCs displayed rebound firing following a gluta-
mate-activated IPSC even in the presence of the AMPAR and
NMDAR antagonists NBQX and R-CPP, respectively (data not
shown), arguing against residual excitation by ionotropic recep-
tors. Furthermore, delayed firing could commence even at a
time point when glutamate currents (measured in voltage-clamp)
were still net outward, suggesting that the current is an intrinsic
rebound response (e.g., compare the voltage- andcurrent-clamp
traces in Figures 2D and 5Bi). Thus, both UBC subtypes have the
capacity for rebound firing, but this feature is only utilized by OFF
UBCs due to its glutamate-activated outward currents.Neuron 85, 1029–1042, March 4, 2015 ª2015 Elsevier Inc. 1037
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Figure 8. Intrinsic Firing of ON and OFF
UBCs
(A) Example traces of ON and OFF UBCs firing
intrinsically with no bias current injected.
(B) Change in firing frequency of each UBC sub-
type in response to 2-pA increment changes in
bias current. Samples were taken from 20 s long
sweeps. ON UBC in gray; OFF UBC in black. Error
bars indicate SEM.
(C) Top panels: corresponding responses to puff
application of glutamate (arrowhead) for subtype
identification as ON (Ci) or OFF (Cii) UBCs. A step-
wise current-ramp was applied to each subtype
with the same protocol of 200-ms rise time,
2,000-ms decay time and steps down to 10 pA
and30 pA. The two bottom panels of (Ci) and (Cii)
show the response to the current-ramp for each
subtype. Both UBCs had identical pause in firing
and rebound excitation in response to the hyper-
polarizing steps.DISCUSSION
This study reveals two classes of UBC that differ strikingly in their
response to mossy fiber input. The first displayed an inward,
biphasic EPSC, similar to the EPSC characterized in cerebellar
UBCs (Rossi et al., 1995, Kinney et al., 1997). This ON subtype
was mGluR1a+ and showed an immediate prolonged increase
in firing frequencydue toa slowEPSCmediatedbybothAMPARs
and mGluR1a. The OFF subtype had a small inward AMPAR1038 Neuron 85, 1029–1042, March 4, 2015 ª2015 Elsevier Inc.component that was overwhelmed by a
larger, slow outward current that paused
intrinsic firing and, in some cases, led
to delayed, rebound firing. Besides the
UBC (Figure S6), subtypes of neurons
characterized by opposing responses to
glutamatergic input are uncommon in ver-
tebrates, with the best known examples
being ON and OFF retinal bipolar cells,
which utilize metabotropic and ionotropic
receptors, respectively.
Dual Action of Glutamate and
Geometry of the Synapse
The primary functional difference be-
tween the UBC subtypes was the relative
magnitudes of AMPAR, mGluR1a, and
mGluR2-GIRK-mediated responses to
glutamate (Figure S6). The difference
in these currents could reflect receptor
density or distribution within the area of
the subsynaptic membrane. According
to Jaarsma et al. (1998), although these
receptors are expressed at the dendritic
brush, neither mGluR1a nor mGluR2 are
associated with the postsynaptic den-
sities but rather are found at nonsynaptic
appendages. However, the distributionof mGluR2 in this study was not linked to different subtypes.
Such a peripheral distribution of receptors is consistent with
our observation that mGluR1a and mGluR2 receptors are acti-
vated mainly by train stimuli. The UBC’s dendritic brush has
fine appendages interlocking with the presynaptic terminal
and may therefore be exposed to glutamate spillover from syn-
aptic sites. Considering that cerebellar mossy fibers fire at very
high frequencies (Rancz et al., 2007, Ritzau-Jost et al., 2014),
glutamate released during synaptic activity may spillover to
mGluRs on these appendages. Interestingly, we were able to
detect tiny mGluR2-mediated currents after a single shock,
while mGluR1a required a train of stimuli. This suggests that
distribution and location of these receptors may differ, with
mGluR2s closer to the site of synaptic contact in OFF UBCs
than mGluR1a in ON UBCs.
mGluR2 are known to inhibit presynaptically or postsynapti-
cally, and their presynaptic action in inhibiting transmission in
various neurons is particularly well established. However, while
their postsynaptic presence has also been shown in various neu-
rons, including UBCs (Knoflach and Kemp, 1998; Russo et al.,
2008), synaptic activation of postsynaptic mGluR2 is uncommon
(Hull and Regehr, 2012; Holtzman et al. 2011; Watanabe and
Nakanishi, 2003). However, except for the case of the ON retinal
bipolar cell, we are unaware of a vertebrate synapse in which
glutamate almost entirely mediates inhibition.
For either subtype, the results we described here suggest
that the brush morphology is well suited to the gradual activation
of perisynaptic metabotropic receptors and the entrapment of
glutamate for prolonged activation of AMPAR (Rossi et al.,
1995, Kinney et al., 1997, van Dorp and De Zeeuw, 2014). Elec-
tron microscopic studies show this synapse as having extended
synaptic clefts but also extended postsynaptic densities and
release sites (e.g., Din˜o andMugnaini, 2000). Although the ampli-
tudes of the evoked currents generated by this ‘‘giant synapse’’
are quite small (similar to that of a single-quantal current at the
calyx of Held; Ishikawa et al., 2002), their very long time courses,
combined with the high input resistance of UBCs, seems ideal
for generating stable excitatory or inhibitory responses to brief
or periodic activation of mossy fibers.
Distinction of UBC Subtypes
The initial characterization of UBC subtypes was based
on immunohistochemical identification of molecular markers
(Nunzi et al., 2002). A recent study further characterized and
distinguished the subtypes based on intrinsic properties (Kim
et al., 2012). However, there are very few studies of synaptic
physiology of UBCs. Although uncorrelated to subtypes,
studies of inhibitory transmission also showed differentially tar-
geted subpopulations of UBCs (Dugue´ et al., 2005). Studies
characterizing glutamatergic synaptic inputs to UBCs only re-
ported the postsynaptic current profile of ON UBCs, and our
results characterizing mossy fiber input to this subtype showed
similar findings to what has been found in cerebellum (Rossi
et al., 1995; Kinney et al., 1997, van Dorp and De Zeeuw,
2014). Another recent study reported two different onsets of
AP burst responses in cerebellar UBCs, an early onset medi-
ated by ionotropic GluRs and a late onset mediated by H+
and TRP currents, both evoked by mossy fiber stimulation (Lo-
catelli et al., 2013). Although that study ruled out the involve-
ment of group I or II mGluRs in the late onset response, it
was unclear how they identified the subtypes. By contrast, we
distinguished the two UBC subtypes based on mossy fiber glu-
tamatergic input, correlating each receptor’s mediated current
with their corresponding impact in AP firing. Besides uncover-
ing the OFF UBC response profile, we found that mGluR1a
and AMPAR conspire in generating slow excitation specifically
in the ON UBC.Impact of ON and OFF Responses to Downstream
Targets
Granule cells integrate different modalities (Arenz et al., 2008;
Huang et al., 2013; Sawtell, 2010) relayed by mossy fibers,
possibly with different spiking patterns depending on the origin
of fibers. Given their spontaneous activity, the long duration of
their response to mossy input, and the ON-versus-OFF char-
acter of their responses, UBCs could potently transform signals
that converge upon a single granule cell. Moreover, the interac-
tion of UBCs with inhibitory Golgi cells, which may receive input
frommossy fibers, UBCs and/or parallel fibers, could also partic-
ipate in this transformation in complex ways, depending on the
circuitry of the local networks.
Like cerebellar UBCs (Russo et al., 2007), DCN UBCs fire
spontaneously in vitro. While some activity may reflect small
leakage currents in the recordings, cerebellar UBCs have been
shown to fire spontaneously in vivo (Simpson et al., 2005; Bar-
mack and Yakhnitsa, 2008; Ruigrok et al., 2011). Such sponta-
neous activity is critical for the increase or decrease in baseline
firing evoked by the glutamate activated currents, characteristic
of the ON and OFF responses of each subtype. However,
although in vitro studies of granule cells have not reported
many spontaneous EPSCs, such events have been observed
in vivo in vestibular cerebellum (Arenz et al., 2008; Arenz et al.,
2009). Thus, further in vitro studies investigating the impact of
ON and OFF responses of UBCs to their downstream targets
must take such activity into consideration.
The DCN and the cerebellar cortex are often compared to
another cerebellum-like structure, the electrosensory lateral
line lobe (ELL) of mormyrid electric fish (Bell et al.,2008; Roberts
and Portfors, 2008), a structure believed to generate negative
images of predicted sensory input in order to highlight novel sen-
sory input. Cancellation of self-generated commands is medi-
ated by spike-timing-dependent plasticity at the granule cells
axon (parallel fiber) to medium ganglion cells, the principal
neurons in ELL (Bell and Russell, 1978; Bell et al., 1997). This
plasticity also happens at the correlate parallel fiber synapses
in the DCN, onto cartwheel cells (Tzounopoulos et al., 2004),
and in cerebellum, onto Purkinje cells (Safo and Regehr, 2008;
Wang et al., 2000).
UBCs in the ELL have recently been shown to play a significant
role in the suppression of predicted sensory input (Kennedy
et al., 2014). In ELL, UBCs exhibit intrinsic properties similar to
mammalian UBCs and may have distinct responses to mossy
fiber input. Based on a model paradigm, Kennedy et al. (2014)
showed that cancellation of natural patterns of self-generated
sensory input was slower and less effective in the absence of
UBC input to granule cells. By analogy to the ELL, mammalian
UBCs might therefore play an important role in plasticity of
sensory processing. The DCN, in particular, functions in sound
localization, as DCN principal cells are sensitive to the eleva-
tion-dependent shifts in spectral notches generated by distor-
tion of sounds by the pinna (Oertel and Young, 2004). The
function of multisensory input to DCN remains somewhat spec-
ulative. Primary sources consist of propioceptive signals origi-
nating from the trigeminal sensory structures and dorsal column
nuclei (Shore et al., 2000; Zhou andShore, 2004; Haenggeli et al.,
2005; Itoh et al., 1987; Li and Mizuno, 1997), with contributionsNeuron 85, 1029–1042, March 4, 2015 ª2015 Elsevier Inc. 1039
from other regions, such as vestibular nucleus (Burian and
Gstoettner, 1988; Bukowska, 2002).
In cerebellum, UBCs are distributed among cerebellar lobes in
a species-dependent manner. In carnivores and primates, they
are located in areas involved in modulation of sensorimotor
transformation. However, as a general principle, UBCs are pri-
marily concentrated in vestibular cerebellum ofmostmammalian
species, particularly in rodents (Din˜o et al., 1999). In the context
of vestibular function, Arenz et al. (2008), showed in vivo that
granule cells in mouse flocculus can receive input from different
sources. Moreover, with isolated horizontal canal stimulation
at the time of recordings, granule cells have increased or
decreased EPSC frequency, depending on the direction prefer-
ence of that cell. For example, cells may have more EPSCs
during ipsilateral movement and cessation of EPSCs with
contralateral movement from a centered position, or vice-versa
depending on the cell. Since UBCs relay feedforward input
from mossy fibers, and their ON and OFF responses have
opposing polarities, they may play a role in aiding this bidirec-
tional response of granule cells to encode direction of motion.
Establishing the sources of mossy input to ON versus OFF
UBCs, in both DCN and cerebellum, will aid in predicting the
impact of multisensory input to sound localization and cerebellar
function.
EXPERIMENTAL PROCEDURES
See the Supplemental Experimental Procedures for complete descriptions of
procedures.
Animals
All animals used in this study were C57BL/6J wild-type mice or were from the
C57BL/6J-TgN(grm2-IL2RA/GFP)1kyo line, and all procedureswere approved
by the Oregon Health and Science University’s Institutional Animal Care and
Use Committee. All experiments were performed in brain sections from males
and females, postnatal days 21 to 32 (P21–P32).
Brain Slice Experiments
Brainstem and cerebellum slices were section in cold high-sucrose ACSF and
had a period of recovery before recordings. After recovery, slices were trans-
ferred to the recording chamber and superfused with recording ACSF and
maintained at 34C. With the exception of experiments measuring intrinsic
firing rate with cell-attached and whole-cell recordings in Figure 2, all gluta-
mate-activated currents evoked by electrical stimulation or by puff application
of agonist were recorded in the presence of 5–10 mM SR95531 and 2 mM
strychnine.
Data Analysis and Statistics
All traces acquired were analyzed with Clampfit 9 (Molecular Devices) and
Axograph X. All graphs were built with IgorPro (WaveMetrics). All data are dis-
played asmean ± SEM, and all statistical analysis for Student’s t tests were run
on StatPlusPro in Excel or on GraphPad Software.
SUPPLEMENTAL INFORMATION
Supplemental Information includes six figures and Supplemental Experimental
Procedures and can be found with this article online at http://dx.doi.org/10.
1016/j.neuron.2015.02.009.
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